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Thioredoxin fusion expression vectors for two car-
boxyl-terminal fragments of human apolipoprotein
(apo) E (residues 223-272 and 223-299) were generated
from an apoE cDNA with the objective of obtaining
structural information on this functionally important
region of apoE by X-ray crystallography. A thrombin
cleavage recognition site was positioned at the fusion
junction to release the apoE fragments from the fusion
protein. The fusion proteins were expressed in Esche-
richia coli, isolated from cell lysates by nickel-affinity
column chromatography, and cleaved with thrombin.
After gel filtration and ion exchange chromatography,
yields of each fragment were approximately 14 mg/L.
Both fragments bind to the phospholipid dimyris-
toylphosphatidylcholine in a manner similar to that of
the 216-299 fragment of apoE isolated from plasma,
which represents the major lipid-binding region of the
protein. Orthorhombic crystals of the apoE 223-272
fragment that diffracted to 1.8 A were obtained in a
mixture of 0.1 M imidazole (pH 6.0) and 0.4 M NaOAc
(pH 7.0-7.5), containing 30% glycerol. The space group
is C222 with cell dimensions of a = 35.17 A, b = 38.95 A,
and ¢ = 133.27 A.
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Human apolipoprotein (apo)® E (299 residues, M,
35,000) is one of the major soluble apolipoproteins
found in plasma. Through its interaction with the low-
density lipoprotein receptor family, it plays a key role
in plasma cholesterol and triglyceride metabolism (1).
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ApoE has also been implicated in nerve repair and
maintenance (2). Several structural isoforms are
known and result from allelic polymorphism (3). The
three common isoforms, designated apoE2, apoE3, and
apoE4, differ in their cysteine—arginine contents at two
polymorphic positions in the protein (residues 112 and
158) (4). This structural heterogeneity has a profound
impact on the function of the protein: apoE2 and apoE4
are associated with increased plasma cholesterol levels
and an increased risk for heart disease (5-7). More-
over, apoE4 is a major risk factor for Alzheimer’s dis-
ease (8—10) and other forms of neurodegeneration (11—
13).

ApoE contains two structural domains, an amino-
terminal domain (residues 1-191; M, 22,000) and a
carboxyl-terminal domain (residues 216-299; M,
10,000) (14,15). The amino-terminal domain contains
the region of the protein that binds to the low-density
lipoprotein receptor. The structures of the amino-ter-
minal domains of several isoforms have been deter-
mined by X-ray crystallography, which showed that all
forms share a four-helix bundle folding motif (16). The
three-dimensional structure of the carboxyl-terminal
domain is not known but is predicted to be highly
helical (17,18), which is consistent with circular dichro-
ism measurements (14).

Three functions have been ascribed to the carboxyl-
terminal domain of apoE. First, it contains the major
lipid-binding elements of the protein (19). The carbox-
yl-terminal domain is predicted to contain amphi-
pathic a-helices, the major structural motif by which
the soluble apolipoproteins bind lipid (18). Second, in-
tact apoE in the lipid-free state exists as a stable tet-
ramer with tetramerization mediated by the carboxyl-
terminal domain (14). Third, in apoE4, but not in the
other isoforms, the carboxyl- and amino-terminal do-
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BamH1
5— CTG GTA CCA CGC GGA TCC CGG ACG CGC —3
223 224 225 226 227 c
N— Leu Val Pro Arg 4 Gly Ser Arg Thr Arg —
Cleavage Site ——' .........
ApoE 10kDa

Thrombin Recognition Sequence

FIG. 1. Thioredoxin apoE carboxyl-terminal fragment expression
vector. The nucleotide sequence of the fusion expression vector in the
vicinity of the thrombin recognition site at the fusion junction is
shown with the corresponding protein sequence below. An apoE
cDNA corresponding to residues 223—-272 or 223-299 was generated
by PCR amplification of an apoE cDNA with primers having BamH1
and EcoR1 restriction sites at the 5’ and 3’ ends, respectively. The
cDNA was inserted into a BamH1/EcoR1-modified pET32NT to gen-
erate a thrombin recognition sequence at the fusion junction. The
amino-terminal Gly - Ser generated by thrombin cleavage corre-
sponds to residues 223 and 224 in apoE.

mains interact. Mediated by arginine-61 and glutamic
acid-255 (20), this domain interaction is thought to be
responsible for the unique biochemical and metabolic
properties of apoE4 that underlie its detrimental ef-
fects in both heart disease and Alzheimer’s disease (2).

Since the carboxyl-terminal domain is a functionally
important portion of the molecule whose detailed struc-
ture is unknown and since our efforts to crystallize the
intact protein have been unsuccessful to date, we
sought to express functionally relevant fragments of
the carboxyl-terminal domain by using recombinant
techniques. Here, we describe the production and iso-
lation of two fragments (residues 223-272 and 223—
299) and the successful crystallization of both frag-
ments, which yielded diffraction-quality crystals of the
223-272 fragment.

MATERIALS AND METHODS

Vector construction and cloning. The thioredoxin
fusion expression vector, pET32NT (Invitrogen) was
used to produce the apoE carboxyl-terminal fragments.
ApoE cDNAs corresponding to residues 225-272 and
225-299 in apoE were generated by polymerase chain
reaction amplification of an apoE-containing vector,
pTV194-E3 (21), using primers with BamH1 and
EcoR1 ends. The cDNAs were inserted into BamH1/
EcoR1-modified pET32NT. As shown in Fig. 1, a
thrombin cleavage recognition site is adjacent to the
BamH1 site in the vector. Thrombin cleavage intro-
duces glycine and serine at the amino terminus of the
fusion partner, which in the case of apoE coincidentally
correspond to positions 223 and 224, respectively.

Protein expression and purification. For protein ex-
pression, pl0K272 or pl0K299 was transformed into
Escherichia coli strain BL21 (DES3), and transformants
expressing high levels of the fusion proteins were
grown to mid-log phase in supplemented LB medium
at 37°C. Protein expression was induced by adding
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isopropyl B-thiogalactoside (final concentration, 0.5
mM) to the cells, and the cultures were maintained for
2 h. Cells were harvested by centrifugation at 4000g,
and the cell pellets were washed twice with ice-cold
0.9% NacCl solution and resuspended in 40 mL of bind-
ing buffer (5 mM imidazole, 0.5 mM NaCl, 20 mM
Tris—HCI, pH 7.9). Benzonase (2 ulL, 25 units/ulL;
Merck) was added to the suspensions, and the cells
were incubated on ice for 5 min and then lysed by
ultrasound sonification (Branson medium tip, 3 cycles:
1 min on, 2 min off). Cellular debris was removed by
centrifugation at 12,0009 in an SS-34 rotor (Sorvall,
Newtown, CT), and the supernatant was loaded on a
nickel-affinity chromatography column, prepared by
charging 20 mL of His-tag resin (Novagen) with 50 mM
NiSO, in an Econo-Column (Bio-Rad, Hercules, CA).

The column was washed with 10 column volumes of
binding buffer, and the protein was eluted with three
column volumes of elution buffer (0.5 M imidazole, 0.5
M NaCl, 20 mM Tris—HCI, pH 7.9). Subsequently, the
fusion protein was cleaved by adding thrombin at a
ratio of 1:100 (thrombin:uncleaved protein; w/w) for 2 h
at room temperature. Thrombin was inactivated by the
addition of 2-mercaptoethanol to a final concentration
of 1%, and the samples were dialyzed against buffer A
(8 M urea, 10 mM Tris—HCI, pH 8.25). Since soluble
apolipoproteins tend to self-aggregate, 8 M urea is
commonly used in purification steps. Removal of the
denaturant results in a fully renatured protein (22).
Final purification was performed by high-performance
liquid chromatography on a 75 X 7.5-mm DEAE-5PW
column (Toso-Haas, Montgomery, PA) employing a lin-
ear gradient of 0—-0.5 M NaCl in buffer A. The purified
223-272 and 223-299 fragments proteins were dia-
lyzed against 10 mM NH,HCO,, pH 7.4.

Protein analysis. Protein purification was moni-
tored by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), and protein concentra-
tions were determined by the Lowry method with bo-
vine serum albumin as the standard (23). The apoE
carboxyl-terminal fragments were mixed with dimyr-
istoylphosphatidylcholine (DMPC) at a ratio of 1:3.75
(w/w, protein:DMPC) as previously described (24). The
DMPC particles were stained on the surface of carbon
fluid grids. Electron micrographs were made at a mag-
nification of 200,000 and imported with a video cam-
era into an Image 1/AT image-analysis system. The
particle size was analyzed by automated sizing and
counting programs available on system software (mL
version 4.03a, Universal Imaging Corp.). Multiple ar-
eas on a single grid were sampled.

Crystallization. Initial crystallization trials were
performed with Crystal Screen kits (Hampton Re-
search, Laguna Niguel, CA) by using the hanging-drop
method. Crystal Screen | condition 25 was modified to
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FIG. 2. SDS-PAGE of various stages of purification of the apoE carboxyl-terminal fragments. (A) The 223-272 fragment. (B) The 223-299

fragment.

give optimally sized crystals of the 223-272 fragment.
An equal volume of the fragment (5 mg/mL in 10 mM
NH,CO;) was added to a mixture of 0.1 M imidazole
(pH 8.0) and 0.4 M NaOAc (pH 6.8), containing 60%
glycerol and equilibrated over a mixture of 0.1 M imi-
dazole (pH 7.0-7.5) and 0.4 M NaOAc (pH 6.8), con-
taining 30% glycerol. Crystals (0.2 X 0.2 X 0.1 mm)
grew in 24—48 h and diffracted to 1.8 A. The 223-299
fragment yielded smaller crystals in solutions of 12%
polyethylene glycol 6000, 100 mM NaCl, 100 mM
NaOAc (pH 4.6). Conditions have not been further
refined.

Crystallographic data collection and analysis. For
diffraction studies, crystals were harvested and briefly
washed in crystallization buffer, retrieved with a rayon
cryoloop, and flash-cooled in liquid nitrogen. Crystals
were mounted with cryotongs and kept at near liquid
nitrogen temperatures during data collection. Data
from native crystals were collected on an ADSCdual
multiwire detector system with a rotating Cu-anode
X-ray generator (Rigaku, Danvers, MA, RU200, A =
1.54178 A) and indexed and integrated with manufac-
turer-supplied software (see website http://www-struc-
ture.llnl.gov for details on instrumentation and cryo-
procedures). Synchrotron data were collected under
cryoconditions at beamline 5.0.2 with a 2 X 2 module
ADSC Quantum 4 CCD detector at the Advanced Light
Source (Lawrence Berkeley Laboratory, Berkeley, CA).
Data were autoindexed, integrated, and merged with
MOSFLM and SCALA of the CCP4 program suite (25).
Self-rotation functions were calculated with the pro-
gram glrf (26) using step sizes of 10° in ¢, ¢, and « for
the initial search. The positions of peaks corresponding
to noncrystallographic symmetry were further refined
by using a fine-grid search with step sizes of 1° in the
range of =5° of all the angles of the initial peaks.

RESULTS AND DISCUSSION

Our strategy for obtaining structural information on
the carboxyl-terminal domain of apoE was to generate
two fragments, spanning residues 223-272 and 223—
299, with our thioredoxin fusion expression vector (27)
and to crystallize either or both fragments. Previously
we used this approach to determine the structure of the
amino-terminal fragment of apoE (residues 1-191)
(16). In addition, we determined that neither internal
deletion of residues 186—-222 nor carboxyl-terminal de-
letion of residues 273-299 had any effect on the protein
with respect to lipoprotein binding, indicating that the
major lipid-binding elements were contained within
residues 223-272 (28). Beginning at position 223 also
offered the advantage that, after thrombin digestion,
the glycyl and seryl residues contained within the
thrombin recognition sequence and added to the ami-
no-terminus of the fusion partner of thioredoxin are
identical to the amino acids at positions 223 and 224,
respectively, in apoE.

Various stages of the purification procedure, as mon-
itored by SDS-PAGE, are shown in Fig. 2, and the
yields are presented in Table 1. Both recombinant pro-
teins were obtained in final yields of approximately 14
mg/L cell culture in the two-step chromatographic pro-
cedure. Because the carboxyl-terminal domain of apoE
is responsible for lipid binding, we assessed the struc-
tural integrity of each recombinant protein by deter-
mining its ability to form characteristic discoidal par-
ticles when complexed with phospholipid and
comparing them with the particles formed by the plas-
ma-derived thrombolytic fragment (residues 216-299)
(29). When complexed with DMPC, the 223-299 frag-
ment formed particles similar in size to those found
with plasma-derived fragment (15.1 * 2.9 versus
16.2 = 2.6 nm, mean * SD). The 223-272 fragment
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TABLE 1
Yield Data for the 223-272 and 223-299 ApoE Fragments
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TABLE 2
Data Collection Statistics for p10K272

Yield (mg/L of culture)

Induced Nickel Thrombin DEAE
Fragment cells? affinity digest column
223-272 75 (24)° 62 (19.8)" 18.2° 14.0¢
223-299 77 (22.3)" 71 (20.6)" 16.4° 13.7¢

@ There were approximately 2 g wet wt of cells and approximately
250 mg total protein in the cell lysate supernatant per liter of
culture.

® Amount of thioredoxin fusion estimated by SDS-PAGE; numbers
in parentheses are estimated amounts of the apoE fragment.

¢ Amount of the apoE fragment estimated from Lowry protein
analysis of thrombin digest mixture and SDS-PAGE analysis.

¢ Amount of purified fragment based on Lowry protein analysis.

also formed disks, but they were slightly larger than
those formed by the recombinant 223-299 fragment or
the plasma-derived fragments (mean 23.5 = 5.2 nm).

Crystallization attempts yielded crystals of both re-
combinant proteins; however, only crystals of the 223—
272 fragments were of diffraction quality (Fig. 3). The
orthorhombic 223-272 crystals diffract to beyond 1.8-A
resolution at near liquid nitrogen temperatures. The
space group is C222 (No. 21, z = 8) with unit cell

Space group C222
a (A 35.17
b (A) 38.95
¢ (A) 133.27
dmin (A)a 18
Observations (n) 71752
Unique reflections (n) 4946
Data completeness 99.2%
Rimerge °(%) 10.2
(Mog) 17.7
Matthews coefficient® V,, (A%Da) 1.91
Solvent content® (%) 36%
Molecules per asymmetric unit 2

“dm, = the smallest d spacing for which reflections were mea-
sured.

® Ruerge = (251 1y — 1y )= (15), where 1, is the scaled intensity of
the jth observation of each unique reflection i and (I;) is the mean
value.

¢ Based on the assumption of two molecules in the asymmetric
unit.

dimensions of a = 35.17 A, b = 38.95 A, ¢ = 133.27 A.
The results from initial crystallographic analysis are
summarized in Table 2.

Calculation of the Matthews coefficient V,, (30) al-
lows the solvent content of the crystal and the likely

FIG. 3. Crystals of the apoE 223-272 fragment grown by the hanging-drop method.
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number of molecules in the asymmetric unit to be
estimated. Assuming one molecule of 223-272 frag-
ment per asymmetric unit, we obtained a V,, of 3.82
A®/Da, which corresponds to a solvent content of 68%;
assuming two molecules per asymmetric unit, we ob-
tained a V,, of 1.91 A®*/Da, indicating a solvent content
of 36%. The lower solvent content obtained with the
latter assumption and the more typical value of 1.91
for V,, are consistent with the strong diffraction of the
223-272 fragment crystals (diffraction limit 1.8 A).

The putative presence of dimers in the asymmetric
unit prompted us to search for noncrystallographic
symmetry elements. A self-rotation function calculated
with the program glrf (26) revealed a weak peak at a
angle of 19° (plus the corresponding peak at 161° gen-
erated by crystallographic twofold symmetry), indicat-
ing the presence of a noncrystallographic symmetry
operator relating two molecules by a 19° rotation rela-
tive to each other. If two a-helices pack at 20° relative
to each other, one of the tightest helix—helix packing
arrangements possible is found by packing the ridges
of one helix into the grooves of the other (31). Such an
arrangement could generate a corresponding weak
noncrystallographic symmetry axis as revealed in our
self-rotation maps.

The carboxyl-terminal domain of apoE is predicted to
be highly helical with one long class A amphipathic
helix encompassing residues 225-266 (18). Class A am-
phipathic helices are the major structural motif by
which the soluble plasma apolipoproteins interact with
lipid (18). The presence of the long class A helix in the
carboxyl-terminal region of apoE is consistent with its
known lipid-binding properties. Thus, determination of
the structure of carboxyl-terminal region of apoE will
likely provide important new insights into the struc-
ture and function of this critical domain of the protein.
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